Although published information on reference values for biochemical parameters in birds of prey has increased during the last years, little is known on their sources of variation. We used an insectivorous and small migratory raptor species, the lesser kestrel Falco naumanni, as a model. We looked for sources of variation of nutritional biochemical parameters (i.e. triglycerides, cholesterol, uric acid and urea) of both nestlings and adults. Reference values indicated that, as a rule, lesser kestrel showed more elevated triglycerides, urea and uric acid levels than other raptors. All analyzed factors except gender (i.e. year, colony, sampling time, presence/absence of a geolocator, body mass, laying date and capture date) reached significance for at least one biochemical parameter. In the morning, we found an important postprandial increase in the concentration of all biochemical parameters in nestlings, and uric acid and urea levels in adults. A positive relationship was detected between triglycerides and body mass in nestlings and adults. Although we did not find differences between blood biochemical parameters of the oldest and youngest chick of each brood, we found that cholesterol levels were lower in nestlings from larger broods. Coloration of tarsi (measured as brightness) was related to triglycerides and urea levels of nestlings and adults, respectively. The feeding habits of lesser kestrel probably explain the different levels and patterns of variation of metabolites in comparison to more carnivorous raptors eating mammals or birds.
Introduction
During long-term fasting in endotherm vertebrates, three different physiological phases based on changes in body mass and plasma biochemistry can be distinguished (see review in McCue, 2010) . The first phase of fasting is characterized by a severe body-mass loss as well as a decrease of the levels of uric acid and urea in plasma. During the second phase, stored lipids are used as an energy source, but the protein catabolism residues (urea and uric acid) maintain a low concentration. In the third phase (prolonged fasting), levels of glucose in blood drop dramatically and uric acid and urea reach high values due to the use of structural proteins as an energy resource (Bauchinger and Biebach, 2001 ). Finally, animals suffer a severe body mass loss approaching death. During the three fasting phases, triglycerides steadily decrease (Jenni-Eiermann and Jenni, 1998; Alonso-Alvarez and Ferrer, 2001) .
Despite an increase of studies publishing reference values of freeliving raptors during the last years (e.g. Stein et al., 1998; Casado et al., 2002; Hanauska-Brown et al., 2003; Mealey et al., 2004; Sarasola et al., 2004; Limiñana et al., 2009; Hernández and Margalida, 2010) , most of the studies focusing on blood biochemistry have been conducted on captive birds. However, these have non-natural diets, regular access to food, and are forced to live in relative small enclosures in comparison with the natural home ranges, and thus, blood parameters might vary with respect to free-ranging animals Balbontín and Ferrer, 2002; Villegas et al., 2002) . Therefore, reference values for biochemical parameters of wild individuals are invaluable for ecophysiologists studying free-ranging birds (e.g. nutritional status, presence of diseases or exposure to pollutants; e.g. Artacho et al., 2007) , and may also help the managers of rehabilitation centers or captive programs to keep birds in conditions as similar as possible to the wild ones. Furthermore, the majority of studies focusing on blood biochemistry have been conducted in large raptors (e.g. eagles or vultures) which ingest relatively large amounts of food at one time and endure longer fasting periods than smaller species. Therefore, feeding habits could influence the interpretation of some biochemistry values, especially those related to prolonged fasting periods, such as urea and uric acid. In large raptors, high values of these parameters have invariably been interpreted as indicators of low nutritional condition (Ferrer, 1994; Ferrer and Dobado-Berrios, 1998; Balbontín and Ferrer, 2005) .
The lesser kestrel Falco naumanni is one of the smallest European raptor species (along with the Merlin Falco columbarius and the RedFooted Falcon Falco vespertinus). Its diet is basically composed of insects (i.e., grasshoppers, beetles, crickets), but it also feeds on small mammals (Rodríguez et al., 2010; Pérez-Granados, 2010; and references therein) . In contrast to larger raptors, the lesser kestrel typically eats several times per day due to the small size of its prey. Starvation is the main cause of nestling mortality (Negro, 1997) , suggesting they are not well adapted to long fasting periods. This migratory falcon's breeding range spans from China to the Iberian peninsula and its wintering grounds are located in sub-Saharian Africa (Rodríguez et al., 2009a (Rodríguez et al., , 2011 . Since the 1950s, its populations have suffered a severe decline (estimated at more than 30% of the world population), leading to its current vulnerable status (BirdLife International, 2011) . As a consequence, numerous breeding programs have been put in place for reintroduction purposes (Pomarol, 1993; Alcaide et al., 2010) . Therefore, information presented here on sources of variation of nutritional biochemical parameters is valuable to assess condition of the captive stock, which in Spain only numbers several hundred pairs in at least five different breeding centers.
We have analyzed four biochemical parameters related to fat (triglycerides and cholesterol) and protein metabolism (uric acid and urea; see McCue, 2010) , in adult and nestling lesser kestrels. These parameters have shown to be related to the physiological and nutritional state of birds (Jenni-Eiermann and Jenni, 1998; AlonsoAlvarez and Ferrer, 2001; Alonso-Alvarez et al., 2002a , 2002b Sarasola et al., 2004) . Our aim is, first, to report reference values of selected plasma biochemical parameters that have been previously reported as nutritional condition indices in larger and mainly vertebrate-eating birds of prey. Second, to examine the influence of different factors, such as sex, colony, year, sampling time, body mass, brood size, capture datefor adults-and laying date -for nestlings-, on nutritional markers. Third, to evaluate differences of biochemical parameters between the eldest and the younger nestlings from the same brood, as in the lesser kestrel death due to starvation typically affects sequentially the youngest and smallest individuals in the brood. Thus, we hypothesize that youngest nestlings will show lower triglyceride and cholesterol levels and higher nitrogenous waste levels (urea and uric acid) as a consequence of protein catabolism. Last, we aim to determine the relationships between certain phenotypic traits (i.e. characteristics of plumage -tail band width-and bare parts coloration -brightness and chroma of tarsi) and blood biochemical parameters. We expect that these traits will be negatively correlated with nutritional condition.
Materials and methods

Study area and trapping procedures
Adult and nestling lesser kestrels (Falco naumanni) were captured during three consecutive breeding seasons (2007) (2008) (2009) in two neighboring urban colonies distant 10 km, the cereal silo of La Palma del Condado (37º23′N, 6º33′W) and the Purificación church of Manzanilla (37º23′N, 6º25′W), Huelva province, southern Spain (for a detailed description of surrounding habitat see Rodríguez et al., 2006) . Adults were captured from March to July at their nest cavities. Nestlings were sampled at the nest at the age of 24.0 ± 3.4 days (±SD). All birds were captured by hand and several body measurements were recorded (body mass, eighth primary, tail and wing length -the latter two only for adults). Body mass was measured with an electronic balance to the nearest 0.1 g and length measurements were done with a ruler to the nearest 1 mm. The width of the black terminal tail band was measured with a caliper at the raquis of the top central tail feather.
Color measurements
Coloration of the tarsi was measured using a Minolta 2600 spectrometer (Minolta, Osaka, Japan), which uses a high-energy xenon flash illumination and a dual-40-element silicon photodiode array (e.g. Negro et al., 2006) . Automatic white calibration was performed before all measurements. Color was evaluated as the averaged reflectance over the wave length interval (360-740 nm) for brightness and as the difference between the maximum and minimum reflectance divided by the averaged reflectance for chroma (Anderson and Prager, 2006) .
Blood sampling and plasma biochemistry
All birds were bled from the brachial vein (approximately 0.5 ml) between 9:00 and 15:00 h to minimize expected variations caused by circadian rhythms of the biochemical parameters (García-Rodriguez et al., 1987; Pérez-Rodríguez et al., 2008) . The blood was collected in a heparinized tube and kept in a cooler until centrifugation. Blood was centrifuged (10 min; 4500 g; 4°C), and the plasma and the cellular fraction were stored at −20°C until analyses were conducted. Plasma was analyzed for triglycerides, cholesterol, urea, and uric acid using a Screen Point autoanaliser (Hospitex Diagnostics, Sesto Fiorentino, Italy), and commercial kits (Biolabo Labs, Maizy, France). Plasma biochemical analyses were performed by Wildvets S.L.P. (Seville, Spain; Rodríguez et al., 2009b) . To assess repeatability (Lessells and Boag, 1987) , two measurements of each biochemical parameter were taken from 99 randomly selected samples (30, 44 and 25 samples from 2007, 2008 and 2009, respectively ; eleven adults -six femalesand 88 nestlings − 44 females). Coefficients of repeatability varied between 0.95 and 0.99. For analyses, we employed the mean values of the two readings of these repeated samples.
Sex determination
As the Lesser Kestrel shows a strong sexual dichromatism, adults were visually sexed according to plumage characteristics. However, gender determination of nestlings is sometimes difficult (Rodríguez et al., 2005) . In this case, the cellular fraction was used as a source of DNA. We determined sex by PCR amplification of CHD genes using primers 2550 F and 2718R (Fridolfsson and Ellegren, 1999) .
Statistical analyses
First, an ANOVA was employed to test differences in the plasma metabolite concentrations of nestlings and adults. As data coming from siblings in a same nest are not independent and some adults were sampled twice or more times, we used mean values for each brood and each adult individual, respectively. Second, we used general linear mixed models to explain the variations in blood biochemical parameters. Nestlings' models included sex, year and colony as factors, and sampling time, body mass and laying date as covariates. To avoid the non-independence of data from siblings, brood identity was included as a random effect. As some adult birds were fitted with geolocators during the 2007-2008 winter and some biochemical parameters of nestlings were affected by this procedure (see Rodríguez et al., 2009b) , we included an additional fixed factor to control for this source of variation (0 = non geolocator-tagged bird or nestling without tagged parents, 1 = geolocator-tagged bird or nestling with at least one tagged parent). Adults' models included sex, year and age (yearlings or older than 1 year) as factors, and sampling time, body mass and date of capture as covariates. To avoid pseudoreplication, identity was included as a random effect given that some adult individuals were captured in different breeding seasons. Third, to assess the effect of brood size on biochemical parameters of nestlings, we ran models including the significant terms of our previous analyses and an ordinal variable (number of nestlings). In addition, we built general linear mixed models including the sibling order (the youngest and the eldest), brood size and their interaction as fixed factors and brood identity as a random factor. We introduced the interaction because differences between the youngest and the eldest nestlings may be more apparent in larger brood sizes. The eighth primary feather of the wing has been used to estimate age of nestlings (Negro, 1997) , thus, we assumed the eldest and youngest siblings in a brood showed the longest and the shortest eighth primary, respectively. To test the relationship between brood size and the nutritional condition of adults, we selected those adults captured during chick rearing activities (after June 10th). Given that this dataset contained a smaller number of individuals (n = 39), we used Pearson correlation analyses including breeding success (number of fledglings) and each biochemical parameter. Fourth, to evaluate the relationships between coloration phenotypic traits and biochemical parameters, we built models including the significant terms in the previous analyses. Each phenotypic trait (tail band width, chroma, and brightness) was included individually.
Because variable responses were not normally distributed, they were log or square-root transformed. F-ratio was used to test the significance of fixed effects in our full models (no backward or stepwise procedures were employed). Statistical analyses were conducted using JMP v.9 package. In some cases, the amount of plasma obtained was insufficient to assay all the parameters. For this reason, sample sizes are not uniform.
Results
Reference values
A total of 334 nestling, belonging to 112 broods, and 104 adult lesser kestrels were studied. Twenty eight adult birds were sampled two or three times, increasing the sample size for adults to 135. Excepting for urea levels, mean values for all biochemical parameters were significantly different between nestlings and adults, although ranges overlapped (Table 1) .
Factors affecting blood parameters
The main factor affecting the blood biochemical parameters of nestlings was sampling time (Table 2) , which reached significance for all parameters analyzed. A positive relationship was detected through the morning for all biochemical parameters (Fig. 1) . Cholesterol, uric acid and urea levels were affected by year of sampling, indicating that it is a crucial factor in the nutritional status of lesser kestrel nestlings. Triglyceride levels were also affected by colony, and they showed a (Fig. 2) and laying date. Last, levels of urea increased with laying date. The geolocator tagging effect was not significant for any parameter. Models explained from 26.9 to 55.7% of the total variation in the blood parameters (Table 2) . Brood identity (random factor) explained from 6.1 to 38.5% of the total variation (Table 2) . For adults, levels of triglycerides varied between years and showed a positive relationship with body mass (Fig. 2) . Cholesterol concentration was not explained by any independent variable measured in this study. Uric acid and Urea were affected by sampling time, and additionally by date of capture (positive relationship) and by year of sampling, respectively (Table 2) . Models explained from 20.5 to 46.8% of the total variation in the blood parameters ( Table 2 ). The random factor (individual identity) explained low percentages of the total variation (from 2.7 to 10%).
Effect of brood size on biochemical parameters
Models including the significant terms listed in Table 2 for each biochemical parameters and the number of nestlings (as an ordinal variable) indicated that cholesterol was negatively affected by brood size in nestlings (F = 3.88; d.f. = 4, 120.1; P = 0.005; Fig. 3A) . Number of nestlings tended to be positively related to triglycerides (F = 2.07; d.f. = 4, 126.8; P = 0.087), but in a second analysis excluding the single nestlings, the relationship reached significance (F = 2.47; d.f. = 3, 94.5; P = 0.047; see Fig. 3B ). Number of siblings was not related to uric acid nor urea (F = 1.18; d.f. = 4, 113.3; P = 0.322 and F = 0.16; d.f. = 4, 103.5; P = 0.956, respectively. No significant differences were found between the youngest and eldest nestlings for any biochemical parameter (all P-values N 0.125) or the interaction between hatching order and brood size (all P-values N 0.163). In adults, only urea levels were correlated with number of fledglings (r = 0.325; P = 0.049, Fig. 4) .
Correlates of biochemical parameters and phenotypic traits
Tarsi brightness was the single phenotypic trait which correlated with some blood biochemical parameter. Negative relationships were observed between brightness and triglyceride levels, and brightness and urea levels for nestlings and adults, respectively (see Table 3 ).
Discussion
Reference values
We provide for the first time reference values for four plasma biochemical parameters indicative of nutritional condition for freeliving nestling and adult lesser kestrels. Nearly all ranges of plasma metabolites for nestlings and adults overlapped with those described for free-living larger raptorial birds Ferrer and Dobado-Berrios, 1998; Stein et al., 1998; van Wyk et al., 1998 2002; Villegas et al., 2002; Hanauska-Brown et al., 2003; Mealey et al., 2004; Sarasola et al., 2004; Limiñana et al., 2009; Hernández and Margalida, 2010) . However, we consistently detected higher mean values of triglycerides in lesser kestrel than in the above cited studies on larger raptors. Given that plasma triglyceride levels decline after short periods of fasting (Jenni-Eiermann and Jenni, 1997), these differences might be explained by the higher feeding frequency of the lesser kestrel in comparison with larger raptors, which endure longer fasting periods, sometimes more than a week, due to unpredictability of their food. In this sense, adult lesser kestrels need 3.1-9 min to acquire a prey item during hunting activities (Donázar et al., 1993; Tella et al., 1998) and the prey delivery rates to nestlings vary between 2.04-3.98 items per hour , although under food shortage conditions, prey delivery rates can notably decrease (Negro et al., 2000; Rodríguez et al., 2006) .
While reported in fewer studies, urea and uric acid also were lower in some raptor species (Lavin et al., 1992; Stein et al., 1998; Bowerman et al., 2000; Balbontín and Ferrer, 2002; Villegas et al., 2002; Mealey et al., 2004; Sarasola et al., 2004; Limiñana et al., 2009; Hernández and Margalida, 2010) , or in non-raptorial species such as the greater flamingo Phoenicopterus roseus or the white stork Ciconia ciconia (Amat et al., 2007; Jerzak et al., 2010) . Plasma urea and uric acid are protein catabolism residues and good indicators of low nutritional condition because protein catabolism is active during the last phase of fasting (McCue, 2010) . However, high levels of these parameters can be induced by protein-rich diets (Jenni-Eiermann and Jenni, 1998) . Although a non negligible part is sequestered in indigestible exoskeleton, grasshoppers contain higher levels of proteins than mammals or birds (Bird et al., 1982) . Thus, we think differences reported here are a consequence of the lesser kestrel mainly insectivorous diet (based on Ortopthera; e.g. Rodríguez et al., 2010) more than to the effect of Fig. 2 . Relationship between triglyceride plasma levels and body mass (both variables standardized by regression of the other variables in the models in Table 2 , i.e. leverage plots) for nestlings and adults. Dashed lines indicate 95% confidence bands of simple linear regressions. Fig. 3 . Relationship between cholesterol (A) and triglycerides (B) levels of nestlings and number of nestlings. Least square means (± SE), from models including the significant terms from Table 2 and number of nestlings as an ordinal variable, are shown. Fig. 4 . Relationship between urea levels of adult lesser kestrels captured after June 10th and breeding success (measured as number of fledglings).
starvation (i.e. protein catabolism; Jenni-Eiermann and Jenni, 1998; McCue, 2010) given the high levels of triglycerides.
Factors affecting blood parameters
The important effect of sampling time has been reported in several studies using captive birds (García-Rodriguez et al., 1987; Ferrer et al., 1994; Pérez-Rodríguez et al., 2008) , but, as far as we know, it has been only described in a published field study for triglycerides and uric acid levels in adult passerines (Jenni-Eiermann and Jenni, 1997). We found an increase in the concentration of all four biochemical parameters with sampling time as daytime advanced (triglycerides, cholesterol, uric acid and urea in nestlings, and uric acid and urea in adults; Fig. 1 ). The increase in the values of blood biochemical parameters detected in nestlings seems to be related to the increase of feeding rates in the morning. Thus, during the first daytime hours we sampled nestlings that had fasted overnight (at least for the nine nighttime hours), but that were subsequently fed by parents during the morning. In adults, the same pattern was found for uric acid and urea levels (Fig. 1) , and it may be due to energy cost incurred in food provisioning given that an increase for triglyceride and cholesterol levels was not observed. The positive relationship between plasma uric acid concentration and date of capture, which suggests an important energy cost of breeding duties, also supports this idea. However, we cannot discard that the same hypothesis suggested for nestlings can be acting on adults, i.e. a postprandial increase in the morning.
Contrary to other studies focused on larger raptors (Casado et al., 2002; Sarasola et al., 2004) or other bird species (e.g. Artacho et al., 2007; Jerzak et al., 2010) , no differences between sexes were found for plasma concentration of the four analyzed parameters, despite the sexual size dimorphism of lesser kestrel and the mate-feeding by males to their female mates during the breeding period (Donázar et al., 1992) . However, no sexual differences have been detected in free-living nestlings of other sexual size dimorphic raptors such as the Spanish imperial eagle Aquila adalberti, the Bonelli's eagle Aquila fasciata or the Montagu's harrier Circus pygargus (Ferrer and Dobado-Berrios, 1998; Balbontín and Ferrer, 2002; Limiñana et al., 2009) or in free-living adults of the American kestrel Falco sparverius or the northern goshawk Accipiter gentilis (Stein et al., 1998; Hanauska-Brown et al., 2003) .
Inter-annual variation seems to be another important factor explaining differences in the biochemical parameters of lesser kestrel nestlings, as it reached significance for cholesterol, uric acid and urea. For these three parameters, lowest values were detected in 2007 and the highest ones in 2008 (data not shown). Also for adults, year of sampling reached significance for triglyceride and urea levels, although the pattern for triglycerides was opposite to nestlings (data not shown). These annual differences could be related to quantitative and qualitative differences in prey abundance as a consequence of annual weather conditions, which have a strong effect on breeding success (Rodríguez and Bustamante, 2003) . However, we detected a decrease in the breeding success during the studied years (2007, 2008 and 2009 reaching productivity values of 3.3, 3.2 and 2.5 fledglings per successful nest, respectively), that suggests the involvement of multiple factors, apart from diet.
Triglycerides level seems to be one of the best indicators of fasting in field studies given its interspecific consistency (Jenni-Eiermann and Jenni, 1997) . Positive relationships between triglycerides concentration and body mass (or body condition) have been described in passerines, raptors and pelecaniformes (Jenni-Eiermann and Jenni, 1998; Sarasola et al., 2004; Villegas et al., 2004) . Our data also indicate a relationship between triglyceride and condition, both in nestlings and adults (Fig. 2) .
We found a positive relationship between urea levels and laying date of nestlings ( Table 2 ). The same pattern was found in Spanish imperial eagle nestlings, but not in Bonelli's eagle nestlings (Balbontín and Ferrer, 2005) , and the former was interpreted as earlier broods having better-nourished nestlings (Ferrer, 1994) . However, triglyceride levels of nestlings also increased with the laying date in our study ( Table 2 ), suggesting that a poorer diet is not the actual explanation, but more probably a change in the diet (Rodríguez et al., 2010) .
Effect of brood size on biochemical parameters
For nestlings, we found a negative relationship between cholesterol and brood size (Fig. 3) . The differences were pronounced between extreme values of brood size, thus nestlings from nests with brood size equal to 1 showed the highest values and nestlings in broods with 5 nestlings showed the lowest levels. In the case of triglycerides and brood size, a high variability was observed in the single nestlings, but a clear positive relationship was found for nests with 2-5 nestlings. Although we do not have data to prove it, different type of prey delivered to nestlings by parents according to brood size may explain the observed trends.
Spanish imperial eagle nestlings from nests with larger brood sizes were better nourished (Ferrer, 1994 ) and Bonelli's eagle nestlings from nests with two siblings showed a poorer condition than single nestlings during a year of adverse environmental circumstances (heavy rainfall; Balbontín and Ferrer, 2005) . However, these conclusions were obtained based on urea and uric acid plasma levels. Interestingly, we did not find any relationship with these two parameters, and there were not clear differences between the oldest and youngest siblings. This suggests that nestlings were equally fed by parents independently of their age, probably as a consequence of the high habitat quality and productivity of our colonies. The two colonies studied here (Silo and Purificación) showed the best habitat quality in comparison with four other colonies, and their habitat quality is high enough for population stability, according to a modeling approach based on prey abundance and prey size (see Rodríguez et al., 2006) .
The relationship between urea levels and breeding success of adults may be explained by the work load of reproduction duties (Fig. 4) . It has been experimentally demonstrated that kestrels adjust the provisioning rates according to brood size (Dawson and Bortolotti, 2003) . Thus, the parents rearing a high number of nestlings have high feeding provisioning rates, reducing time for themselves. This would fit with the negative correlation between brightness and urea levels (see below).
Correlates of biochemical parameters and phenotypic traits
Melanin-based traits are static signals and may provide information on nutritional status at the time when feathers were growing. This may explain the lack of correlation between tail band width and biochemical parameters, which are indicative of short-term nutritional status (Jenni-Eiermann and Jenni, 1998). However, colored patches of bare skin are a reflection of recent physiological events, indicating the current physiological condition of the individual (e.g. Negro et al., 2006) . High carotenoid plasma concentrations and brilliant coloration of fleshy parts have been reported as indicators of quality in kestrels (Bostrom and Ritchison, 2006; Casagrande et al., 2006; Dawson and Bortolotti, 2006; Vergara and Fargallo, 2011) . Carotenoid pigments are responsible of yellow-orange coloration of kestrel tarsi (Bortolotti et al., 1996; Casagrande et al., 2009) , and important physiological modulators, but these pigments can not be synthesized de novo by birds. Thus, a trade-off between the show and health functions have been suggested (Negro et al., 1998) .
Brightness is inversely proportional to pigment concentration (Anderson and Prager, 2006) . The negative relationships between brightness and triglyceride levels in nestlings suggest that the nestlings better nourished (higher triglyceride levels) had the higher carotenoid concentration in tarsi (lower brightness). In contrast, the negative relationship between brightness and urea levels in adults may be a consequence of higher work loads of high quality individuals (low brightness) rearing higher number of nestlings (see above).
Conclusions
The small size (atypical for the majority of raptor species studied so far for biochemical parameters) and its insectivorous diet suggest lesser kestrel may be more alike, ecologically speaking, to a medium sized passerine, such a shrike, than to a typical raptor. The high feeding frequency seems to be responsible for the general higher values of triglycerides, while the insectivorous diet may explain the higher uric acid and urea levels observed here. Also the increase of feeding rates during the morning may be the explanation for the increase of metabolite concentration, which is a key factor for future studies sampling at different times.
